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Introduction
Estuaries and inshore coastal waters of the northern Gulf
of Mexico (GOM) are highly productive systems supporting
diversity of life, including important fisheries species (e.g.,
Minello et al. 2003). Salt marshes and seagrass meadows are
formed by conspicuous and high—biomass primary producers, long considered important at the base of coastal food
webs (Teal 1962). However, the inconspicuous primary
producers, phytoplankton and microphytobenthos (MPB,
single—celled micro—algae on the sediment surface) are also
important in these systems, having been shown to support a
variety of consumers (Currin et al. 1995, 2011, Galvan et al.
2008). While disentangling MPB biomass and productivity
rates is logistically challenging, there are many studies which
suggest both phytoplankton and MPB represent a potentially
large portion of primary production in these systems due
to the rapid turnover rates (Sullivan and Moncreiff 1988,
Blanchard et al. 2002).
Strong sedimentary physical and chemical gradients, dynamic shear and variable light (both driven by tides), and
rapid turnover drives substantial spatial and temporal variability in MPB biomass (Barranguet et al. 1997, Currin et al.
2003, 2011, Kromkamp et al. 2006). Beyond the challenge
of understanding the ephemeral nature of MPB biomass,
their carbon isotopic values may change rapidly in response
to changes in salinity which shift the δ13C isotopic value of
the dissolved inorganic carbon pool from which they derive
their carbon for photosynthesis (Fry 2002, Currin et al.
2003). Stable isotopes are a powerful tool for inferring the
importance of various primary producers in supporting secondary production in coastal food webs (e.g., Currin et al.
1995). Some isotope studies undertake extensive sampling
to represent the MPB community available to consumers in
their food web models (e.g., Currin et al. 2003, 2011, Galvan
et al. 2008). However, perhaps due to the challenges of obtaining uncontaminated samples of MPB for isotopic analyses (Oakes et al. 2005), many other studies rely on a limited
number of MPB samples to represent their isotopic value
§

(e.g., Baker et al. 2013).
To achieve a better and more comprehensive understanding of the role of MPB in isotopic studies and coastal food
webs, a better understanding of the spatial and temporal
variability in the biomass and their δ13C isotopic values is
needed (Currin et al. 2003). Such knowledge can help in the
design of future food web studies. Therefore, the aim of this
study was to assess short term (days to weeks) small to meso—
scale (1’s to 1000’s m) variability in MPB standing biomass,
and to provide a preliminary assessment of variability in δ13C
values of MPB.
Methods
Study sites
Samples were collected from intertidal salt marshes and
the subtidal waters of Mobile Bay and coastal Alabama,
USA in June and July 2019, for a total of 19 sites sampled
(Figure 1). This region is subtropical and has a microtidal

FIGURE 1. Field sites for benthic chlorophyll analysis in Mobile Bay (MB),
Mississippi Sound and the coastal Alabama region (CA) of the northern
Gulf of Mexico.
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range of 0.8 m. Mobile Bay is fed by multiple rivers and
discharges ~1800 m3/s into the northern GOM, making
it second only to the Mississippi River for discharge to the
Gulf (Stumpf et al. 1993).
Subtidal sites were chosen to capture both north—to—
south and east—to—west variability in Mobile Bay, including
one station in Mississippi Sound, a coastal lagoon system
immediately to the west of Mobile Bay (Figure 1). Sites near
the shoreline (n = 10) were accessed by piers or docks, each
TABLE 1. Mean benthic chlorophyll (± standard deviation) for the surface
sediments collected in Mobile Bay (MB), Mississippi Sound, and coastal
Alabama (CA). Date of collection and site bottom depth are also reported.
Benthic chlorophyll values for Sawgrass Point and Airport Marsh denote
mean of all time points, variability over time and substrate type are found
in Figure 2.
Station

Date
Bottom
Benthic
(MM-DD-YY)
Depth (m) Chlorophyll
			(mg/m2)
MB1
MB2
MB3
CA3
USS Alabama
5 Rivers Delta Center
Fowl River
Bayou La Batre
Cedar Point
Fort Morgan
Bon Secour
Weeks Bay
Fairhope Pier
Meaher Park
CA4
CA2
CA1
Sawgrass Point
Airport Marsh

07-18-19
07-18-19
07-18-19
07-18-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-19-19
07-25-19
07-25-19
07-25-19
June-July 19
June-July 19

12
15
16
8
2
2
2
2
2
2
2
2
2
4
13
11
17
Intertidal
Intertidal

2.1±0.6
13.0±10.4
20.1±3.8
33.7±4.9
23.3±1.8
16.3±0.5
2.5±0.2
34.0±14.1
17.3±1.5
42.2±0.4
4.0±0.6
42.5±0.9
5.9±0.2
10.4±1.3
34.0±5.4
20.3±2.4
10.6±0.3
37.2
29.0

had shallow depths (<2 m), and most of the sediment was
sand and silt; these sites were sampled 19 July 2019 (Table
1). Three sites were selected within the Central Mobile Bay
shipping channel, which is dredged to maintain at least 15
m depth for commercial maritime traffic; sampling occurred
on 18 July 2019 aboard the R/V Alabama Discovery. Outside
Mobile Bay, 4 coastal Alabama sites were sampled (depth
12—15 m) on 25 July 2019, aboard the same vessel; stations
ranged from the west end of Dauphin Island and east to the
Fort Morgan Peninsula (Alabama, USA).
The two intertidal salt marsh sites on Dauphin Island,
Sawgrass Point (SGP) and Airport Marsh (AP) (Figure 1),
are dominated by Juncus roemerianus with fringes of Spartina
alterniflora. Drainage creeks within each marsh have mud
substrate while outer shorelines are predominantly sand.
Salt marsh sediment samples were collected weekly at each
marsh site for 4 weeks during June 2019. At each site, sam-

ples were collected from both sand and mud intertidal substrates directly adjacent to marsh vegetation (1—5 m). Three
replicate collection points in each habitat type were separated by 10—20 m; substrate proximity meant that adjacent
sand and mud replicates were also separated by 10—20 m.
Properties among substrate type were compared using a Students t test (calculated using Microsoft Excel).
Among all sites, metadata and hydrographic data (temperature, salinity, irradiance) were collected either in the
overlying waters or at the tidal edge. For AP and SGP, the
collected hydrographic data were compared to the nearby
Dauphin Island Station of Alabama’s Real—Time Coastal
Observing System (ARCOS, www.arcos.disl.org). The Dauphin Island ARCOS station is 0.47 km from the SGP, and
5 km (by water) from AP. Point measures of physical parameters corresponded well with continuous data from the station; hence, these data on water level and salinity were used
to contextualize the physical conditions during the sampling
period (Figure 2A).
Subtidal collections
Subtidal sediment was collected using 2 approaches. For
shipboard work, a 4—spot multi—corer was deployed. Depending on the site, additional deployment was sometimes
necessary to ensure one core with an intact sediment water
interface, optimal penetration (~10–20 cm), and a proper
seal (no visible air bubbles escaping). Bottom water was
gradually removed from the cores, then the upper 2 cm of
material extruded, subsampled, and processed. For dockside and pier sampling, surface sediments (0–2 cm) were
collected by dropping a surface—corer or Petite Ponar Grab.
Material was subsampled and processed in the laboratory
for MPB biomass; no isotope analyses were done for this
material.
Salt marsh collections
Multiple sediment cores were collected from undisturbed
sediments at each collection point to quantify MPB biomass
and stable isotopic ratios. Cores for biomass quantification
were collected using a 3 mL syringe, with the surface 1 cm
retained for analysis, providing a standardized sampling area
(~2 cm2) and integration depth among sites. Stable isotope
samples were collected using a 60 mL syringe and the surface
2—4 mm retained for analysis. Multiple isotope cores were
necessary to obtain ~50 mL of sediment for processing.
Sample processing
The MPB biomass was quantified as chlorophyll a (Chl).
The sediment was transferred into glass vials cleaned using
Micro—90® solution followed by 10% HCl and liberally
rinsed in deionized water. Chl pigments were extracted in
10 mL of 90% acetone (HPLC grade) in the dark for 24
hours at —20oC. After extraction, the solvent was decanted
into a cuvette and Chl/phaeopigments quantified using a
standard acidification method (Holm—Hansen et al. 1965)
on a Trilogy Fluorometer (Turner Designs, USA). Benthic
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FIGURE 2. Spatio-temporal variability in intertidal microphytobenthos
(MPB) at salt marshes
on Dauphin Island, AL.
A. Variability in salinity
and water level (relative
to mean during study
period) from the ARCOS
Dauphin Island Station.
Circles indicate the salinity
and water level at the time
of sampling; gray and
white circles indicate the
substrate was submerged
or exposed, respectively,
during sampling.
B.
Mean MPB chlorophyll
biomass. Bars indicate
range among replicates
separated by 10-20 m.
C. Mean MPB δ13C isotopic values. Bars indicate
range among replicates
separated by 10-20 m.
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Chl data were expressed as area—integrated measurements
(i.e., mg/m2).
The MPB isotopic samples were processed similarly. Acetone extracts from surface sediments provide a quick and
simple proxy for MPB community δ13C (Demopolous et al.
2008, Baker et al. 2013) and avoid some of the biases of targeting specific components of the MPB community, such as
motile diatoms (Oakes et al. 2005). We added 10 mL of 90%
acetone (HPLC grade) to 10 mL of wet sediment, and then
samples were shaken and extracted for 24 hours at —20oC.
Post extraction, the acetone was filtered through a pre—combusted glass—fiber filter (1.5 µm retention), evaporated, and
the extracted pigments dried at 60oC. Salt crystals were removed from the dry pigments by adding deionized water,
decanting immediately once the salt crystals had dissolved,
and re—drying. This process was used to obtain ≥2 mg of

extracted material (primarily Chl, Oakes et al. 2005), which
was then encapsulated and analyzed for δ13C at the University of California Davis Isotope facility.
Results and Discussion
MPB biomass variability
The MPB biomass varied by a factor of 20 among the
subtidal sites not including the salt marshes (Table 1). Benthic Chl from the upper 2 cm ranged from 2.1–42.2 mg/
m2 among these sites, and averaged 29.0 ± 3.0 and 37.2
± 4.9 mg/m2 (mean ± S.E.) for AP and SGP, respectively,
over the sampling duration (Table 1). These subtidal values are comparable to previous Mississippi Sound studies
in salt marsh and sandy seagrass benthic Chl (Sullivan and
Moncreiff 1988, Daehnick et al. 1992) and also the shallow (<10 m) Louisiana Shelf (Grippo et al. 2010). Compared
to other published data from deeper and clearer waters in
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the southeastern United States (compiled by Cahoon 1999),
the benthic Chl values observed outside of the salt marshes
were low. For example, in 15 m waters in Onslow Bay (North
Carolina) benthic Chl ranged from 16–88 mg/m2, and in
Gray’s Reef (Georgia) biomass ranged from 200–800 mg/
m2 (Cahoon 1999 and references therein). The benthic Chl
reported here captured ~50% of the biomass within the upper 6 cm (deeper Chl data not shown). However, even if our
sampling design underestimated benthic Chl by a factor of
two, this would not change the inference that benthic Chl in
the northern GOM appears to be relatively low compared to
the broader southeastern United States region.
Mobile Bay and Mississippi Sound are shallow and have
significant freshwater discharge; hence, the high turbidity in
these waters may limit benthic productivity. For the Mobile
Bay shipping channel, surface—water photosynthetically active radiation exceeded 700 µE/m2/s but attenuated to 1
µE/m2/s by 4–10 m (bottom 12–16 m). Among coastal Alabama sites, the 1 µE/m2/s isolume was between 9–11 m. For
both subregions (Mobile Bay, Coastal Alabama), these irradiances at the sediment water interface would not support any
measurable primary production (MacIntyre et al. 1996).
Within the salt marshes, benthic Chl was more variable
temporally and on small spatial scales than observed among
all other sampled sites (Figure 2). For example, at SGP,
small—scale spatial variability was high in both mud and sand
sediments, particularly for sand where benthic Chl ranged
from 6.3–119 mg/m2 (Figure 2B). This range encompassed
the entire range observed (Figure 2B). Among both sites and
all time points, the mean benthic Chl did not significantly
differ by substrate (t—test, p = 0.98). These data suggest that
other factors such as vertical migration of MPB (Barranguet
et al. 1998) or N limitation (Sullivan and Currin 2000), may
drive high patch variability over small spatial scales.
Carbon isotopic variability
Stable carbon isotope ratios of MPB acetone extracts were
both spatially and temporally variable at salt marsh sites
(Figure 2C). Among the 22 samples analyzed, δ13C values
varied by 7.2‰ from —25.75‰ for SGP mud (June 13) to
—18.54‰ for sand just tens of meters away at the same site
and day (Figure 2C). Similarly, samples from AP on June 11
varied by 5.6‰ between sand and mud substrate. The MPB
samples from sandy locations were enriched by 2—5‰ over
samples from muddy locations collected at the same site and
day. Temporal variability was not as pronounced as among—
habitat variation, and 9 out of the 10 samples from sand substrates were more enriched than the most enriched sample
from mud substrates. Within—habitat spatial variation was
also high, varying almost 4‰ on sand at SGP (June 13) and
more than 2‰ at AP on mud (June 11).
The striking difference in δ13C values between nearby
sand and mud substrates may be driven by the depletion
of the dissolved inorganic carbon (DIC) pool in waters on

the marsh surface through remineralization of isotopically
light J. roemerianus biomass. Currin et al. (2003) reported the
depletion of MPB δ13C values of 3—5‰ on the vegetated
marsh surface compared to MPB from nearby unvegetated
habitats, and suggested reduced primary production due to
marsh shading and the uptake of depleted DIC originating
from remineralized marsh detritus could account for this depletion. In our study system, both mud and sand sites were
unshaded open water sites adjacent to the marsh vegetation,
equivalent to the creek bank or flat sites of Currin et al.
(2003). However our mud collection points were drainage
creeks within the marsh, while sand collection points were in
more well—mixed waters on the outer fringe of the marshes
and separated from the marsh platforms by a berm. As such,
the remineralization of isotopically light J. roemerianus biomass may explain the range in MPB carbon value reported
here. The taxonomic composition of the MPB community
can also influence the δ13C values (Currin et al. 2011). Identifying the taxonomic composition of MPB in our samples
was beyond the scope of the present study, but taxonomic
variation may have contributed to some of the spatial and
temporal variation in isotopic values.
Studies assessing the importance of MPB production for
coastal food webs often use limited replication to represent
the δ13C values of this source in their models (discussed in
Currin et al. 2003). Based on our moderate sample size from
2 marsh sites over 4 weeks, there is substantial δ13C variability within the MPB Chl extracts. Further replication is required to assess the significance of this variability. However,
if this magnitude of variability is typical of shallow coastal
waters more generally (e.g., Currin et al. 2003), our findings
suggest that some previous estimates of the contributions of
MPB production to consumer diets may contain significant
uncertainty.
The isotopic analysis of acetone extracts as a proxy for
MPB community δ13C values proved to be a simple and quick
approach in the present study. Despite simplicity, the validity of using this method for providing MPB source estimates
for food web mixing models (e.g., Demopolous et al. 2008,
Baker et al. 2013) is uncertain. Demopolous et al. (2008)
found no difference in δ13C values for acetone extracts and
whole algal material for epiphytic algae; however, it is possible that the extraction process may fractionate δ13C and
provide values that deviate from those obtained from the
whole MPB cells ingested by consumers (Oakes et al. 2005).
Future work should investigate this method further before its
widespread use to provide data for food web mixing models.
Assuming any fractionation between the MPB community
and the acetone extracts was constant among samples in the
present study, then our data suggests the potential for significant small scale spatial and temporal variability in δ13C
values of MPB that should be considered when designing
future isotopic food web studies.

SC25

Variability in coastal microphytobenthos

Acknowledgements
We thank S. Ramsden, C. Robitaille, I. Marquez, R. Pickering, A. Garelick, and Dauphin Island Sea Lab’s Introduction to Oceanography students (July 2019) for assistance in the field and laboratory. Funding for this project
was provided by the National Science Foundation REU Program grant number OCE—1838618

Literature Cited
Baker, R., B. Fry, L.P. Rozas, and T.J. Minello. 2013. Hydrodynamic regulation of salt marsh contributions to aquatic food
webs. Marine Ecology Progress Series 490:37—52. https://
doi.org/10.3354/meps10442
Barranguet, C., P.M.J. Herman, and J.J. Sinke. 1997. Microphytobenthos biomass and community composition studied by
pigment biomarkers: Importance and fate in the carbon cycle
of a tidal flat. Journal of Sea Research 38:59—70. https://doi.
org/10.1016/S1385—1101(97)00032—4
Barranguet, C., J. Kromkamp, and J. Peene. 1998. Factors controlling primary production and photosynthestic characteristics
of intertidal microphytobenthos. Marine Ecology Progress
Series 173:117—126. https://doi.org/10.3354/meps173117
Blanchard, G.F., B. Simon—Bouhet, and J.M. Guarini. 2002.
Properties of the dynamics of intertidal microphytobenthic
biomass. Journal of Marine Biological Association of the
United Kingdom 82:1027—1028. https://doi.org/10.1017/
S0025315402006574
Cahoon, L.B., 1999. The role of benthic microalgae in neritic
ecosystems. Oceanography and Marine Biology, An Annual
Review 37:47—86. https://doi.org/10.1201/9781482298550
Currin, C.A., S.Y. Newell, and H.W. Paerl. 1995. The role of
standing dead Spartina alterniflora and benthic microalgae
in salt marsh food webs: Considerations based on multiple stable isotope analysis. Marine Ecology Progress Series
121:99−116. https://doi.org/10.3354/meps121099
Currin, C.A., S.C. Wainright, K.W. Able, M.P. Weinstein, and
C.M. Fuller. 2003. Determination of food web support and
trophic position of the mummichog, Fundulus heteroclitus, in
New Jersey smooth cordgrass (Spartina alterniflora), common
reed (Phragmites australis), and restored marshes. Estuaries
26:495—510. https://doi.org/10.1007/BF02823726
Currin, C.A., L.A. Levin, T.S. Talley, R. Michener, and D. Talley.
2011. The role of cyanobacteria in southern California salt
marsh food webs. Marine Ecology 32:346—363. https://doi.
org/10.1111/j.1439—0485.2011.00476.x
Daehnick, A.E., M.J. Sullivan, and C.A. Moncreiff. 1992. Primary production of the sand microflora in seagrass beds of
Mississippi Sound. Botanica Marina 35:131–139. https://
doi.org/10.1515/botm.1992.35.2.131
Demopoulos A.W.J., N. Cormier, K.C. Ewel, and B. Fry. 2008.
Use of multiple chemical tracers to define habitat use of
Indo—Pacific mangrove crab, Scylla serrata (Decapoda: Portunidae). Estuaries and Coasts 31:371−381. https://doi.
org/10.1007/s12237—007—9008—5
SC26

Fry, B. 2002. Conservative mixing of stable isotopes across estuarine salinity gradients: A conceptual framework for monitoring watershed influences on downstream fisheries production. Estuaries 25:264—271. https://doi.org/10.1007/
BF02691313
Galvan K., J.W. Fleeger, and B. Fry. 2008. Stable isotope addition
reveals dietary importance of phytoplankton and microphytobenthos to saltmarsh infauna. Marine Ecology Progress Series
359:37—49. https://doi.org/10.3354/meps07321
Grippo, M. A., J. W. Fleeger, N. N. Rabalais, R. Condrey, and K.
R. Carman. 2010. Contribution of phytoplankton and benthic microalgae to inner shelf sediments of the north—central
Gulf of Mexico. Continental Shelf Research 30:456—466.
https://doi.org/10.1016/j.csr.2009.12.015
Holm—Hansen, O., C.J. Lorenzen, R.W. Holmes, and J.D.
Strickland. 1965. Fluorometric determination of chlorophyll. ICES Journal of Marine Science 30:3—15. https://doi.
org/10.1093/icesjms/30.1.3
Kromkamp, J.C., J.F.C. de Brouwer, G.F. Blanchard, R.M. Forster, and V. Creach. 2006. Functioning of Microphytobenthos in Estuaries. Royal Netherlands Academy of Arts and
Sciences, Amsterdam, Netherlands, 262 p.
MacIntyre, H.L., R.J. Geider, and D.C. Miller. 1996. Microphytobenthos: the ecological role of the “secret garden” of unvegetated, shallow—water marine habitats. I. Distribution,
abundance and primary production. Estuaries 19:186—201.
https://doi.org/10.2307/1352224
Minello, T.J., K.W. Able, M.P. Weinstein, and C.G. Hays.
2003. Salt marshes as nurseries for nekton: Testing hypotheses on density, growth and survival through meta—analysis.
Marine Ecology Progress Series 246:39—59. https://doi.
org/10.3354/meps246039
Oakes J.M., A.T. Revill, R.M. Connolly, and S.I. Blackburn.
2005. Measuring carbon isotope ratios of microphytobenthos
using compound—specific stable isotope analysis of phytol.
Limnology and Oceanography Methods 3:511−519. https://
doi.org/10.4319/lom.2005.3.511
Stumpf, R.P., G. Gelfenbaum, and J.R. Pennock. 1993. Wind
and tidal forcing of a buoyant plume, Mobile Bay, Alabama.
Continental Shelf Research 13:1281–1301. https://doi.
org/10.1016/0278—4343(93)90053—Z
Sullivan, M.J., and C.A. Currin. 2000. Community structure and
functional dynamics of benthic microalgae in salt marshes.
In: M.P. Weinstein and D.A Kreeger, eds. Concepts and Controversies in Tidal Marsh Ecology, Kluwer Academic Publish-

Deleon et al.

ers, Dordrecht. The Netherlands. p. 81—106. https://doi.
org/10.1007/0—306—47534—0_6
Sullivan, M.J., and C.A. Moncreiff. 1988. Primary production of edaphic algal communities in a Mississippi salt

marsh. Journal of Phycology 24:49—58.
org/10.1111/j.1529—8817.1988.tb04455.x

https://doi.

Teal, J.M. 1962. Energy flow in the salt marsh ecosystem of Georgia. Ecology 43:614–624. https://doi.org/10.2307/1933451

SC27

